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Halogenated Triarylboranes: Synthesis, Properties and 
Applications in Catalysis  
Jamie L. Cardena, Ayan Dasguptaa, Rebecca L. Melena*  
Halogenated triarylboranes (BAr3) have been known for decades, however it has only been since the surge of interest in 
main group catalysis that their applications as strong Lewis acid catalysts has been recognised. This review aims to look past 
the popular tris(pentafluorophenyl)borane [B(C6F5)3] to the other halogenated triarylboranes, to give a greater breadth of 
understanding as to how tuning the Lewis acidity of BAr3 by modifications of the aryl rings can lead to improved reactivity. 
In this review, a discussion on Lewis acidity determination of boranes is given, the syntheses of these boranes is discussed, 
and examples of how they are being used for catalysis and frustrated Lewis pair (FLP) chemistry are explained.
1. Introduction 
The archetypal halogenated triarylborane, tris(penta-
fluorophenyl)borane [B(C6F5)3] was first synthesised in the 
1960s by Massey et al.,1,2 however little interest was generated 
from it aside from its use as an initiator in polymerisation 
catalysis.3–8 In 1996, Piers discovered that B(C6F5)3 was able to 
catalyse the hydrosilylation of carbonyls, the first of many 
halogenated triarylborane catalysed processes.9 A decade later, 
Stephan discovered reversible hydrogen activation by a 
phosphinoborane bearing halogenated aryl groups at boron and 
coined the term ‘frustrated Lewis pairs’ (FLPs) a year later.10,11 
The attention gathered from this work not only initiated the 
field of FLP chemistry,12–21 but it also regenerated interest in 
B(C6F5)3 and other halogenated triarylboranes for applications 
in catalysis and small molecule activation. This review aims to 
highlight the many recent studies that have focused on 
halogenated triarylboranes other than the archetypal B(C6F5)3. 
Subtle changes to structure on the aryl rings influence the 
accessibility and energy of the empty p-orbital on the central 
boron atom compared to B(C6F5)3, thereby allowing the Lewis 
acidity and reactivity to be tuned. Whilst there are many 
reviews into the applications of B(C6F5)3,22–26 the chemistry of 
its halogenated triarylborane siblings have not been 
summarised before. This review will focus on: the design of 
halogenated triarylboranes by the measurement of Lewis 
acidity; different synthetic strategies for the preparation of 
halogenated triarylboranes; the catalytic activity of 
halogenated triarylboranes; discussions on their use in FLP 
chemistry; and miscellaneous stoichiometric reactivity. 
2. Lewis Acidity 
The key to understanding and predicting the behaviour of 
halogenated triarylboranes is Lewis acidity. The concept of 
Lewis acidity was first coined by Lewis in 1923 as a compound 
which ‘can employ a lone pair from another molecule in 
completing the stable group of one of its own atoms’.27 Pearson 
later built upon this definition with discussion on ‘hard’ and 
‘soft’ acids,28 and Wayland and Drago refined these ideas with 
parameters for predicting the enthalpy for the combination of  
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gas-phase acids and bases.29,30 The current description of a 
Lewis acid is described by IUPAC as ‘a molecular entity that 
is an electron pair acceptor and therefore able to react with 
a Lewis base to form a Lewis adduct by sharing the electron 
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pair furnished by the Lewis base’. Despite these definitions, 
a universal method of scaling Lewis acidity has yet to be 
established. This section will discuss the various methods of 
determining Lewis acidity, both experimental and 
computational, in order to assist the design of halogenated 
triarylboranes. 
2.1 Experimental methods of determining 
Lewis acidity 
A well-established technique of determining Lewis 
acidity is the Gutmann-Beckett method (Figure 1). Gutmann 
first devised the acceptor number (AN) protocol for scaling 
the acidity of a range of common solvents, and Beckett later 
applied the AN scale for calculating the Lewis acidity of 
boron containing complexes.31,32 The Gutmann-Beckett 
method is advantageous for its simplicity, wherein a Lewis 
acid is mixed with an excess of triethylphosphine oxide 
(Et3P=O) to form an adduct which can be detected by 31P 
NMR spectroscopy. The degree of the 31P NMR signal shift 
upon adduct formation is compared to free Et3P=O, and this 
shift is directly related to the strength of the Lewis acid.  
 
AN = 2.21 × (δsample– 41.0) 
 
Equation 1: Calculation of acceptor number (AN) by the Gutmann-Beckett 
method.31,32
 
Equation 1 states the method in which the AN of a Lewis 
acid is determined from the shift of Et3P=O in the 31P NMR 
spectrum. Higher ANs correspond to compounds with higher 
Lewis acidity, with the non-acidic hexane possessing an AN 
of 0 (31P NMR shift of 41.0, a difference of 0 ppm), and the 
highly Lewis acidic SbF5 possessing an AN of 100 (31P NMR 
shift of 86.4, a difference of 45.4 ppm).  
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Figure 1: Experimental methods for determining Lewis acidity.31–36 
The other popular method of experimentally 
determining Lewis acidity is the Childs method.33 This 
method relies on the perturbation of the 1H chemical shift of 
the H3 proton in crotonaldehyde (Figure 1) upon 
complexation to a Lewis acid (LA). Lewis acids in this scale 
are measured in comparison to 0.3 M solutions of boron 
tribromide and hexane in dichloromethane at -20 °C. The 
relative acidity of the strong Lewis acid BBr3 was assigned a 
value of 1.00 (1H of H3 = 8.47 ppm), meanwhile hexane was 
assigned a value of 0.00 (1H of H3 = 6.89 ppm).33 The 
calculation of relative acidity is given in Equation 2. 
 
 Relative acidity= 
Δ
1
H LA crotonaldehyde adduct
Δ
1
H BBr3 crotonaldehyde adduct
 
Equation 2: Calculation of relative acidity by the Childs method.33
 
Recently, Baumgartner and Caputo have shown that 
fluorescent adducts containing dithienophospholes as the 
Lewis basic component can be used to scale the acidity of a 
range of compounds with distinct colouration using 
differences detectable by the naked eye (Figure 1).34 Upon 
coordination of dithienophosphole to a Lewis acid, the 
polarity of the P=O bond is increased, thereby strengthening 
the σ*-π* interaction within the phosphole, lowering the 
LUMO, and red-shifting the emission of the adduct.34 
Less established methods for the experimental 
determination of Lewis acidity of halogenated triarylboranes 
include Nödling’s use of pyridine-d5 for the change of the 
para-deuterium resonance in the 2H NMR spectrum upon 
forming an adduct with a Lewis acid,35 and Zheng’s use of 





2.2 Computational methods of determining 
Lewis acidity 
Whilst experimental methods for determining Lewis 
acidity are convenient and rapid to run, there is often 
inconsistency between them depending on the probe used. 
It has been suggested that the difference in values between 
the Gutmann-Beckett and Childs methods may be due to the 
difference in sterics or hardness between the bases.37  
Furthermore, solvent effects have been shown to 
influence experimental Lewis acidity calculations, which 
causes inconsistency between experiments run in different 
solvents.31 There is also the risk of experimental, machinery, 
and human errors in measurement of the NMR spectrum. 
Therefore, there is ongoing effort to determine the Lewis 
acidity of compounds via computational methods. 
One of the most well-known computational methods to 
determine Lewis acidity is fluoride ion affinity (FIA), which 
calculates the reaction enthalpy of the complexation of a 
fluoride ion to a free gaseous Lewis acid. The concept of FIA 
for calculating Lewis acidity was first introduced by Bartlett 
in 1984.38 However, the ‘naked’ fluoride ion that Bartlett 
used in his calculations was found to be difficult to calculate, 
and so the method was not popularised until Christe 
introduced the experimental ionisation of carbonyl fluoride 
(COF2) as a reference in the calculation of FIA.39 Christe 
found that the experimental calculation for the ionisation of 
COF2 was -209 kJmol-1. This value, along with the DFT 
calculation for the ionisation of a Lewis acid by COF3- forms 







-  + (LA) = (LA)- + COF2 
(DFT calculation)
 
(LA) + F- = (LA)F- 
(overall FIA calculation) 
Equation 3: Calculations required for FIA.39 
 
The hydride ion affinity (HIA) has become another 
common method of computational Lewis acidity 
calculation.40–42 DuBois demonstrated a calculation for HIA 
with the isodesmic reaction between HBEt3 and a Lewis acid 
(Equation 4).40 HIA has also been used to calculate why FLPs 
activate dihydrogen (see section 5.1).43 
 
HBEt3- + BX3 = BEt3 + HBX3- 
Equation 4: Calculation required for HIA.40 
 
Many other ion affinities have also been tested for 
ranking Lewis acidity, including NH3, PH3, CH3-, and Cl-, but 
are far less often used.41,43–45 
The latest discussion of Lewis acidity is Stephan’s global 
electrophilicity index (GEI).46 The idea of an electrophilicity 
index was first discussed in the context of therapeutic 
targeting to HIV proteins,47 but was refined by Parr who 
likened the index to electrophilic power and gave the 
calculation of ω: the measure of the ability of an acid to 
accept electrons (electrophilicity) (Equation 5).48 
 
ω = μ2 /2η = χ 2/2η 
η = ELUMO – EHOMO 
Equation 5: Calculations required for the GEI.48 
 
In this equation ω is related to μ (chemical potential) and 
η (chemical hardness). ω can also be equated to the 
reciprocal of the Mulliken electronegativity χ.49 All of these 
values are simple to calculate computationally, which 
reduces the time taken to deduce the Lewis acidity using the 
GEI compared to other methods. A further advantage to the 
GEI is that it does not rely on a base to calculate the Lewis 
acidity of a compound, simply its ability to accept a single 
electron, thereby reducing the time required to calculate. 
This simplifies calculations as the GEI can be derived from 
only the HOMO and LUMO energies (EHOMO and ELUMO) of the 
Lewis acid, whereas to calculate the FIA and HIA, fully 
optimised structures of the acid and adduct are required.46 
2.3 Studies into Lewis acidity of halogenated 
triarylboranes  
There have been multiple studies into ranking Lewis 
acids by their acidity. Sivaev and Bregadze recently compiled 
the Gutmann-Beckett and Childs Lewis acidity data for all 
literature known boron Lewis acids until 2014, including 
boranes, boroles and carboranes.50 
By calculating the binding energies of a range of 
fluorinated triarylboranes [B(F5-xC6Hx)3] to NMe3 or PMe3, 
the effects that the position of fluorine atoms around the 
borane’s aryl rings had upon Lewis acidity were 
determined.51 It was found that the Lewis acidity of 
triarylboranes increased when electron withdrawing 
substituents were positioned closer to the boron atom on 
the aryl ring, indicating that Lewis acidity is predominantly 
an electronic effect. It was further noted that steric 
influence towards Lewis acidity was only more important 
than the electronic influence when there was simultaneous 
fluorine substitution at both ortho positions, which had the 
effect of lowering the Lewis acidity of the borane instead of 
enhancing it.51 These observations were subsequently used 
to synthesise the strong Lewis acids B(2,3,4,5-F4C6H)3 and 




be more acidic by experimental methods than 
computational methods had predicted.52 
The Gutmann-Beckett method was employed to assist 
the choice of borane as a catalyst for hydrosilylation 
reactions, with results suggesting that a borane with 
increased Lewis acidity had an increased Si–H bond 
activation potential.53 The Gutmann-Beckett method has 
also been used to determine the best borane to augment 
the activation of dinitrogen at an iron centre.54 
Similarly, the Childs method was used to rank the Lewis 
acidity of a range of perfluorinated boranes (including 
napthyl and biphenyl derivatives of B(C6F5)3) and other Lewis 
acids in order to select an active polymerisation initiator.55 
Later, the Childs method was used to assess boranes for 
catalysis as part of an FLP with DABCO (1,4-diazabicyclo 
[2.2.2]octane) for the catalytic hydrogenation of alkylidene 
malonates.56  
Computational studies have assisted in the discovery of 
a Lewis superacid. Upon calculation of the bond dissociation 
energy between the acid and base part of adducts, 
pyramidalisation of a boron centre was noted to increase 
Lewis acidity by 120–130 kJmol-1, whilst fluorination of the 
acid enhanced Lewis acidity by 50–60 kJmol-1.57 When 
cumulative, these effects were equivalent to a 19–33 order 
of magnitude increase in Lewis acidity.57 Theoretical 
calculations towards the binding energy of a range of 
fluorinated triarylboranes towards NH3, H2O, PH3, H-, CH3-, 
and F- ions allowed for the acidity of boron to be compared 
to the later triels.41 
Recently, the Lewis acidity of a wide library of 
homoleptic and heteroleptic halogenated triarylboranes 
have been calculated as part of discussion on the benefits of 
using the global electrophilicity index compared to other 
computational methods.46  
3. Synthesis  
Due to the air and moisture sensitivity of most 
halogenated triarylboranes, many procedures to synthesise 
them use Schlenk techniques and require air sensitive 
purification. This section will discuss the various methods to 
synthesise both homoleptic and heteroleptic halogenated 
triarylboranes. 
 
Scheme 1: General synthesis of triarylboranes. 
3.1 Synthesis of homoleptic halogenated 
triarylboranes  
The synthesis of homoleptic halogenated triarylboranes 
is well documented, partially attributable to the recent 
popularity of B(C6F5)3. Massey et al. first described the 
preparation of B(C6F5)3 using a Grignard reagent with BCl3 in 
1963,2 and a lithiation procedure was documented in the 
patent literature in 1994.58 These synthetic procedures are 
ubiquitous to all homoleptic halogenated triarylboranes, 
with modifications to the bromobenzene reagent resulting 
in the formation of the corresponding borane. It is important 
to note that the Grignard method is safer, due to the 
instability of phenyl lithium intermediates above -40 °C from 
the lithiation procedure. The presence of ortho-fluorines in 
these compounds causes them to have a propensity to 
decompose into potentially explosive benzyne derivatives 
through the release of lithium fluoride.59 
General procedures for both are shown in Scheme 1. 
Modern synthetic methods to prepare homoleptic 
halogenated triarylboranes follow the same general 
procedure, with gentle modifications and different 
purification methods for higher yields. B(2-FC6H4)3, B(4-
FC6H4)3, B(2,6-F2C6H3)3, B(2,4,6-F3C6H2)3, B(3,4,5-F3C6H2)3, 
and B(3,5-(CF3)2C6H3)3 have all been synthesised using the 
Grignard method shown in Scheme 1 with subsequent 
purification using sublimation.53,60–64 B(2,3,5,6-F4C6H)3 was 
also prepared via the Grignard method, however Me2SiHCl 
was used in a purification step prior to sublimation.65 
Boranes with trifluoromethyl groups on the aryl ring, 
B(2,4-(CF3)2C6H3)3, B(2,5-(CF3)2C6H3)3, B(3,5-(CF3)2C6H3)3, 
and the monosubstituted B(2-(CF3)C6H4)3 have been 
prepared by the lithiation method.66–68 Bulkier analogues of 
B(C6F5)3, tris(β-perfluoronapthyl)borane [B(C10F7)3] and 
tris(perfluorobiphenyl)borane [B(2-(C6F5)C6F4)3] have also 
been synthesised by the lithiation method.69,70  
The synthesis of the tris(perfluorotolyl)borane [B(4-
(CF3)3C6F4)3] was demonstrated using a Grignard reagent to 
prepare an arylcopper intermediate.71 This copper species 
proceeded through a transmetallation reaction with BBr3 to 
generate the desired borane (Scheme 2). Notably, the first 
 
Scheme 2: Synthesis of tris(perfluorotolyl)borane.71  
 
 
Scheme 3: Synthesis of B(4-Br-2,6-Me2C6H2)3.72 
step of the reaction was a selective bromination of a 
commercially available perfluorotoluene in order to form 
the required bromobenzene for the preparation of the 
borane.71 
Classically, the focus on producing novel halogenated 
triarylboranes was to investigate the electronic effects of 
fluorine at different positions on the aryl ring, which 
influenced the Lewis acidity of the borane. Recent 
investigations have probed the steric influence of larger 
halogen atoms on the acidity of the borane when positioned 
around an aryl ring.  
B(4-ClC6H4)3 was first prepared using the Grignard 
procedure in 1970.73 In 2017, B(2-F-6-ClC6H3)3 was prepared 
in a similar fashion and was used as the Lewis acidic 
component of an FLP for the reductive amination of 
carbonyls.74 
We have prepared B(3,4-Cl2C6H3)3 using the lithiation 
method, and used the borane in part of the synthesis of the 
anti-depressant drug diclofensine.75 B(C6Cl5)3 has been 
synthesised using both Grignard and lithiation methods, and 
was observed to be remarkably air and moisture stable with 
purification consisting of a benchtop aqueous work-up.76,77 
Wet solvents have been shown to decompose the bench 
stable salt Na[B(3,5-Cl2C6H3)4] to afford B(3,5-Cl2C6H3)3, as 
the typical synthetic methods of using Grignard reagents or 
organolithium species were unsuccessful for its 
preparation.78 
Triarylboranes with bromine or iodine atoms are 
observed to be air stable and are commonly used as linkers 
for the preparation of metal organic frameworks  
(MOFs),79–87 in fluorescent materials,72,88–103 or as 
catalysts.104,105 72,88–103104,105 
 
Scheme 4: Synthesis of B(2,6-(OMe)2C6H3)3 and subsequently B(3-Br-2,6-
(OMe)2C6H2)3.106 
B(4-Br-2,6-Me2C6H2)3 was synthesised using the 
lithiation procedure from a 1-I-4-Br-2,6-Me2C6H2 (Scheme 
3).72 1-bromo-4-iodo-2,3,5,6-tetramethylbenzene was also 
used as a reagent for the synthesis of B(4-Br-C6Me4)3.88 The 
three bromine atoms in B(4-Br-C6Me4)3 were then replaced 
with iodine to generate B(4-I-C6Me4)3 in the presence of 
tbutyl lithium and I2.88 
A similar synthesis has been demonstrated for the 
preparation of B(4-IC6H4)3 from a diiodobenzene 
precursor.92 Functionalisation of a non-halogenated 
triarylborane to B(3-Br-2,6-(OMe)2C6H2)3 has also been 
documented, where selective bromination of  
B(2,6-(OMe)2C6H3)3 at the meta-position of the aryl rings 
using N-bromosuccinimide (NBS) led to the formation of  
B(3-Br-2,6-(OMe)2C6H2)3 (Scheme 4).106 
3.2 Synthesis of heteroleptic halogenated 
triarylboranes 
Whilst the Lewis acidity and catalytic activity of 
halogenated triarylboranes can be tuned by modifying the 
number of halogen atoms and their position on the aryl ring, 
further fine-tuning is possible through the synthesis of 
heteroleptic boranes. Whilst many heteroleptic 
triarylboranes have been analysed computationally,46,107,108 
far fewer have been synthesised. 
In effort to expand the scope of B(C6F5)3 as an initiator in 
polymerisation reactions, B(C6F5)2(2-(C6F5)C6F4) was 
prepared by the replacement of one perfluorophenyl group 
with a perfluorobiphenyl moiety.109 2-Bromononofluoro-
biphenyl was prepared from the reaction of (C6F5)Li and 
C6F5Br.110 B(C6F5)2Cl was also generated through the 
addition of BCl3 to Sn(Me)2(C6F5)2.111 The reaction between 
B(C6F5)2Cl and 2-bromononofluoro-biphenyl afforded 
B(C6F5)2(2-(C6F5)C6F4) (Scheme 5).109 Further investigation 
into polymerisation optimisation founded the synthesis of 
B(3,5-(CF3)2C6H3)(C6F5)2 from the addition of two equivalents 
of C6F5Li to BBr2(3,5-(CF3)2C6H3).112 
Two novel boranes in which a single fluorine atom of 
B(C6F5)3 was replaced with a methoxy group, were prepared 
to produce dendrimers (Scheme 6).113 For this, a five step 
 
 




Scheme 6: Synthesis of B(C6F5)2((3-OMeC6H4)C6F4).113 
synthesis was required, which began with the production of 
Cu(4-BrC6F4) from BrC6F5. Cu(4-BrC6F4) was able to promote 
a copper coupling reaction with 1-Br-3-OMeC6H4 to afford 
the biphenyl species 2,3,5,6-F4-4-(3-OMeC6H4)C6H. Further 
reaction of this biphenyl species with SnMe2Cl2 and 
subsequent transmetallation with ClB(C6F5)2 allowed the 
borane to be used as the terminus of a dendrimer. The 
position of the methoxy group was found to be important, 
as when in the para position it was not basic enough to react 
with a silane for subsequent dendrimer synthesis.113 
Heteroleptic boranes are notably more difficult to 
produce than homoleptic ones. Ashley and O’Hare found 
that the production of heteroleptic boranes through the use 
of organolithium or Grignard intermediates were 
unselective due to their high reactivity.77 As a result, more 
selective copper-based aryl transfer reagents were used to 
 
 
Scheme 7: Synthesis of heteroleptic boranes possessing a mix of C6F5 and C6Cl5 
substituents.77 
 
Scheme 8: Synthesis of heteroleptic boranes bearing 3,5-(CF3)2C6H3 and C6F5 or C6Cl5 
wingtip groups.76 
synthesise heteroleptic boranes from mono- or di- 
chloroboranes, with a mix of perfluoro and perchloro aryl 
substituents (Scheme 7).77  
In a similar way to the method described above, metal-
based aryl transfer reagents were used to generate 
selectively a range of heteroleptic triarylboranes that 
contained the 3,5-(CF3)2C6H3 aryl ring (Scheme 8).76 
Crystallographic data found that the steric and electronic 
contributions of CF3 groups on the aryl ring caused the 
borane to twist into a paddlewheel structure, even when CF3 
groups were not present on all aryl moieties.76 This 
paddlewheel conformation allowed the CF3 moieties to 
donate electron density into the vacant p-orbital on the 
boron centre thereby reducing Lewis acidity in these 
boranes.76 
Soós demonstrated the synthesis of four heteroleptic 
boranes bearing chlorinated and fluorinated aryl rings 
(Scheme 9).114 Treatment of dihalobenzene derivatives with 
nbutyl lithium and trimethyl borate afforded boronic acids. 
These boronic acids were then converted into the potassium 
trifluoroborate salt that could be reacted with Grignard 
reagents bearing different aryl frameworks to form the 
desired heteroleptic boranes. These boranes were notably 
moisture tolerant, attributable to the steric bulk of the 
chlorine atoms preventing water from binding to the boron 
centre.114  
Subsequent investigations concerned the preparation of 
heteroleptic boranes with the additional variation of methyl 
substituents on one of the three aryl rings (Scheme 10).115 
Variation at the meta and para positions of the non-
methylated aryl ring allowed for probes into the impact of 





Scheme 9: Synthesis of heteroleptic boranes bearing fluorinated and chlorinated 
aryl wingtip groups.114 
meta position on the methylated aryl ring allowed for 
investigation into steric effects.115 By determining 
experimentally Lewis acidity via the Gutmann-Beckett 
method, it was found that replacing fluorine for hydrogen in 
the meta position enhanced the Lewis acidity of the borane, 
but introducing chlorine had negligible effects.115 
A range of asymmetrically substituted boranes were 
prepared to evaluate the change in acidity when fluorine 
atoms were gradually replaced with chlorine atoms in B(2-F-
6-ClC6H3)3 (Scheme 11).74 It was found that by increasing the 
number of chlorine atoms, the water tolerance of the 
borane increased. This was attributed to increased strain in 
the borane, making water binding more reversible when in 
the presence of a base.74  
The first halogenated triarylborane with three different 
aryl rings, B(C6F5)(C6Cl5)(3,5-(CF3)2C6H3), was prepared from 
borane dimethylsulfide through a five-step synthesis 
Scheme 12).116 First, a single equivalent of Li(C6F5) was 
generated at -78 °C and was reacted with borane 
diimethylsulfide to form [[H3B(C6F5)]-. The excess hydride 
was abstracted with TMSCl to afford H2B(C6F5). In a similar 
manner, the trifluoromethyl bearing aryl ring was installed 
via the addition of Li(3,5-(CF3)2C6H3) and abstraction of the 
excess hydride by TMSCl. The resulting 
 
Scheme 10: Synthesis of heteroleptic boranes bearing fluorinated and 




Scheme 11: Synthesis of heteroleptic boranes with aryl rings containing halogens at 
the 2 and 6 positions.74 
HB(C6F5)(3,5-(CF3)2C6H3) was reacted with excess methanol 
and then BBr3 to form BrB(C6F5)(3,5-(CF3)C6H3). Finally, the 
bromoborane was reacted with half an equivalent of 
Zn(C6Cl5)2 to install the final aryl ring.116 
Heteroleptic boranes have also been formed as a result 
of decomposition in catalytic reactions. Whilst these may 
have been unwanted at the time, they may inspire novel 
methods of producing new complexes. During investigations 
into the mechanism of isobutene polymerisation catalysis 
with diborane initiators, a perfluorodiborane was observed 
to decompose in the presence of methanol to form a novel 
borane (Scheme 13 top).117,118 Decomposition of B(C6F5)3 
has also been shown to form a methylated triarylborane via 
fluoride transfer (Scheme 13 bottom).119 
 











Scheme 13: Decomposition routes to produce halogenated triarylboranes.117–119 
4 Catalysis 
Boranes are able to act as Lewis acid catalysts, as the 
empty p-orbital on the central boron atom can be readily 
accessed by nucleophiles. It is the attack and subsequent 
release of this empty p-orbital that forms the basis for Lewis 
acid catalysis by boranes. Whilst B(C6F5)3 is still a popular 
catalyst, by attenuating the Lewis acidity or steric demand 
at the boron centre, the catalytic activity can be modulated 







Figure 2: Catalytic cycle for triarylborane catalysed hydrosilylation reaction.12,120 
4.1 Hydrosilylation reactions 
In 1996, Piers first showed that B(C6F5)3 could be used as 
catalyst towards the hydrosilylation of aldehydes, ketones, 
and esters.9 Subsequent work determined the mechanism 
for this borane catalysed hydrosilylation reaction through 
computational and experimental studies (Figure 2).12,120 It 
was found that silane activation by the borane was the rate 
determining step in the catalytic cycle. Once a borane-silane 
adduct had been formed, the silyl moiety could be 
transferred to the carbonyl substrate, and a subsequent 
hydride transfer could liberate the new silyl ether and 
regenerate the borane catalyst.12,120 
Oestreich demonstrated the use of a range of 
fluorinated triarylboranes in both direct and transfer 
hydrosilylation of typical σ and π Lewis basic substrates, as 
summarised in Table 1.53 B(2,3,5,6-F4C6H)3 was found to 
catalyse both direct and transfer hydrosilylation reactions, 
whilst B(2,4,6-F3C6H2)3 and B(2,6-F2C6H3)3 were found to 
only be effective direct hydrosilylation catalysts. 
Computational analysis found transfer hydrosilylation was 
not possible with B(2,4,6-F3C6H2)3 and B(2,6-F2C6H3)3 as 
catalysts, due to the ortho-fluorines assisting the release of 
the hydrosilane product, and not assisting the initial hydride 
abstraction.53 The increased steric hinderance of B(2-
(C6F5)C6F4)3 prevented its p-orbital from being accessed, and 







Table 1: Summary of direct and transfer hydrosilylation experiments with a range of borane catalysts.53 
Catalyst loading of 5 mol% at a substrate concentration of 1.0 M, isolated yields given unless noted. a 2.5 mol% catalyst used. b 1.3 mol% catalyst used. c conversion 
determined by GLC analysis with an internal standard of mesitylene. d Conversion by 1H NMR with an internal standard of mesitylene. 
Boranes have also been shown to catalyse chemo-
selective hydrosilylation of complex bioactive compounds, 
including gibberellic acid, 10-deacetoxybaccatin III and 
natamycin derivatives.121,122 B(2,4,6-F3C6H2)3 and  
B(3,5-(CF3)2C6H3)3 were tested in comparison with B(C6F5)3, 
due to their similar Lewis acidities but different steric 
profiles. It was observed that by varying the catalyst, it was 
possible to functionalise selectively at different positions on 
a silane protected natamycin derivative (Scheme 14).121 For 
example, whilst B(C6F5)3 catalysed a conjugate reduction, 
B(2,4,6-F3C6H2)3 catalysed an enoate hydrosilylation with a 
lactol elimination to yield an α-silyl/enol ether, and  
B(3,5-(CF3)2C6H3)3 catalysed the hydrosilylation of the 
enoate to yield an α-silylester.121 
The synthesis of allylic acetates from acetates or 
acrylates has been demonstrated through a combination of 
B(2,3,5,6-F4C6H)2(2,3,6-Cl3C6H2) promoted hydrosilylation 
catalysis and Claisen-Ireland rearrangement (Scheme 15).123 
Whilst most reactions occurred through a two-step cascade, 
electron donating substituents on the aryl ring of the acetate 
were found to facilitate an allylic rearrangement which 
instead caused a three-step cascade reaction and a different 
allylic acetate product. The use of the air and moisture 
sensitive borane allowed the one-pot reaction to be 
completed on the bench, with 38 examples showing good 
yields (43–99%) and high diastereoselectivity (up to 30:1).123 





Scheme 14: Fluorinated triarylborane catalysed chemoselective hydrosilylation of 
bioactive compounds.121 
mechanism of the tandem hydrosilylation and Claisen-
Ireland rearrangement.123 In anhydrous toluene, the 
reaction was Lewis acid catalysed, however when wet 
toluene was used, trace protonation of the borane caused 
the reaction to switch to Brønsted acid catalysis.123 
There are examples where B(C6F5)3 was found to be 
more efficient as a catalyst towards hydrosilylation reactions 
compared to other halogenated triarylboranes. For 
example, Oestreich explored the catalytic Si–H bond 
activation for the one pot hydrosilylation of C–C multiple 
bonds using B(C6F5)3, B(2,3,5,6-F4C6H)3,  
B(C6F5)2(2-(C6F5)C6F4), and B(2-(C6F5)C6F4)3 as catalysts.124 
B(2,3,5,6-F4C6H)3 and B(C6F5)2(2-(C6F5)C6F4) successfully 
catalysed the hydrosilylation, albeit with reduced reactivity 
attributed to the lower Lewis acidity of the boranes. The 
sterically encumbered B(2-(C6F5)C6F4)3 was found to be non-
catalytic despite its high Lewis acidity, resulting in B(C6F5)3 
being the focus of the study.124 
A further example can be found in dendrimers with 
terminals based modelled on B(C6F5)3 for the hydrosilylation 
of acetophenone by HSiEt3.113 These dendrimers were found 
to be inefficient catalysts towards the hydrosilylation 
reaction, with catalytic activity decreasing with increasing 




Scheme 15: Mechanism for the production of allylic acetates by  
B(2,3,5,6-F4C6H)2(2,3,6-Cl3C6H2) hydrosilylation catalysis and Claisen-Ireland 
rearrangements.123 
4.2 Hydroboration reactions  
As with hydrosilylation, hydroboration is another useful 
method of 1,2-functionalising unsaturated substrates. 
Studies into hydroboration reactions using boron based 
catalysts initially focused on borenium ions, wherein an 
external Lewis base was required to promote the 
reaction.125–127 An example of hydroboration without an 
external base was shown by B(3,5-(CF3)2C6H3)3, which could 
catalyse the hydroboration of 21 aliphatic and aromatic 
amines in up to 92% yield.63 
Mechanistic studies revealed that B(3,5-(CF3)2C6H3)3 
acted as a pre-catalyst, with redistribution of 
B(3,5-(CF3)2C6H3)3 and pinacol borane generating a mixture 
of active catalysts in solution: [HBAr2]2; [H2BAr]2; and 
[(Ar)(H)B(μ-H)2BAr2], as shown in Figure 3.63 The B–H bonds 
of these three catalysts were all shown to immediately 
undergo a concerted 1,2-syn addition to alkenes, which 
could then undergo ligand exchange with HBPin to produce 
the desired hydroboration product and regenerate the 
active catalyst.63 Further study found that B(C6F5)3 did not 
readily exchange with HBPin, and thus failed to generate the 
catalytically active species required for hydroboration.63 
Further investigation in the field of hydroboration 
catalysis found that B(3,5-(CF3)2C6H3)3 could also catalyse 
efficiently the hydroboration of 16 imines in up to 99% 
yield.60 Mechanistic studies indicated that there was no 
ligand redistribution of the borane catalyst with pinacol 






Figure 3: Mechanism for hydroboration of styrene, catalysed by  
B(3,5-(CF3)2C6H3)3.63 
attributed to the σ-basic imine preventing redistribution of 
the catalyst with HBPin, as was observed in the case of 
alkene hydroboration.60 Upon co-ordination of the imine 
with B(3,5-(CF3)2C6H3)3, the LUMO of the imine was lowered, 
allowing it to be reduced by HBPin.60 
Our group has also investigated the use of fluorinated 
triarylboranes as efficient catalysts for hydroboration 
(Scheme 16). B(2,4,6-F3C6H2)3 was found to be an excellent 
hydroboration catalyst for a wide substrate scope, including 
alkynes, aldehydes, and imines.128 It was also observed that 
B(3,4,5-F3C6H2)3 could catalyse the hydroboration of 
aldehydes, ketones, and imines.61 Furthermore, it was 
shown that applying microwave irradiation to the  
B(3,4,5-F3C6H2)3 catalysed reaction allowed high 
temperatures and pressures to be safely attainable, 
enabling the facile hydroboration of alkenes and alkynes in 
90 minutes, where there was no observed reactivity with 
conventional heating.61 
4.3 Other catalytic reactions 
Whilst 1,2-hydrofunctionalisation reactions catalysed by 
halogenated triarylboranes are well-documented, there are 
further avenues of Lewis acid catalysis that have been 
explored with the use of these boranes, such as  
 
 
Figure 4: Mechanism for hydroboration of imines, catalysed by B(3,5-
(CF3)2C6H3)3.60 
Scheme 16: Hydroboration of unsaturated substrates by B(2,4,6-F3C6H2)3 and 
B(3,4,5-F3C6H2)3. 61,128 
dehydrocoupling, Diels-Alder reactions, and transfer 
hydrogenation. For example, B(2,3,5,6-F4C6H)3 has been 
explored as a Lewis acid catalyst for the dehydrocoupling of 
phosphines (Scheme 17).129 Whilst forcing conditions (130 
°C) and long reaction times (120 h) were required for 
efficient dehydrocoupling, it was found that the 
borane/phosphine combination could also catalyse transfer 
hydrogenation of N-benzylidene-tert-butylamine in 38 h and 
1-phenyl-1-trimethylsiloxyethylene in 30 h.129 A proposed 
mechanism for the catalytic phosphine dehydrocoupling by 
B(2,3,5,6-F4C6H)3 is given in Figure 5.129 This 
dehydrocoupling proceeded first by the formation of a 
boron-phosphine adduct. DFT calculations suggested that a 
second free phosphine was then able to undergo 
nucleophilic attack towards the electrophilic phosphorus 
centre in the adduct to produce a pentacoordinate 
phosphorus centre. This intermediate was then able to 
transfer a hydride to the boron atom to form the salt 
 






Figure 5: Mechanism for dehydrocoupling of phosphines with a 
B(2,3,5,6-F4C6H)3 catalyst.129 
[Ph2(H)P-PPh2][HB(2,3,5,6-F4C6H)3]. Liberation of H2 from 
this salt was able to form the dehydrocoupled product.129 
B(C6F5)2(2,6-Cl2C6H3) was investigated as a catalyst in 
Diels-Alder reactions, as the steric repulsion of the  
2,6-Cl2C6H3 aryl ring caused the Diels-Alder reaction to be 
exo-selective (Scheme 18). Thirty five examples were given, 
with yields up to 79%, and moderate to high diastereomeric 
ratios (60:40 to 94:6).130 Theoretical calculations found that 
the selectivity of the Diels-Alder reaction was inflected by 
the steric bulk of the Lewis acids.131 It was found that by 
producing an adduct with the enal in the Diels-Alder 
reaction, a bulky Lewis acid such as a fluorinated 
triarylborane could promote an exo-selective 
cycloaddition.131 Further analysis with B(3,5-(CF3)2C6H3)3 and 
B(2,6-F2C6H3)3 found that interaction between the ortho 
fluorine of the borane’s aryl ring and the CH of the enal 
promoted the formation of the exo-product of the 
cycloaddition.131  
Whilst FLPs are commonly used for H2 reduction, 
boranes can be used in transfer hydrogenation catalysis to 
the same effect. B(3,5-(CF3)2C6H3)3 was employed as a Lewis 
acid catalyst for the hydrogenation of aldehydes with a 
Hantzsch ester as a hydrogen donor, in work inspired by the 
reduction of carbonyls by NADH, NADPH, and enzymes in 
biological systems (Scheme 19).132 Thirty two examples of 
hydrogenations of aryl and alkyl aldehydes were given with 




Scheme 18: B(C6F5)2(2,6-ClC6H3) catalysed Diels-Alder reaction.130 
Scheme 19: B(3,5-(CF3)2C6H3)3 catalysed reduction of aldehydes.132  
found to be easier to hydrogenate and proceeded at lower 
temperatures.132 B(2,3,5,6-F4C6H)3 was used as part of the 
optimisation for transfer hydro-tert-butylation of  
1,1-diphenylethylene, however B(C6F5)3 was found to be 
slightly more active and selective due to its increased Lewis 
acidity.133 A major side-product for the reactions with 
B(2,3,5,6-F4C6H)3 was found to be the result of transfer 
hydrogenation.133 The heteroleptic borane B(2,3,5,6-
F4C6H)2(2,6-Cl2C6H3) was considered as a catalyst for ortho 
alkylation of diols to 1,2-cis-glycosides, however ultimately 
tricyclic borinic acids were explored as catalysts.134 
5 Frustrated Lewis pair chemistry 
FLPs are systems in which a Lewis acid and a Lewis base 
combine, but due to the acidic and basic centres being 
segregated, often due to steric hinderance, are unable to 
form a classical Lewis adduct (Figure 6). This leads to both 
the Lewis acidic and basic centres possessing unquenched 
reactivity which can be used for small molecule activation or 
catalysis.18–20 As halogenated triarylboranes possess an 
empty p-orbital on the central boron atom, protected by the 
steric encumbrance of aryl rings, they are well-suited to FLP 
chemistry. 
5.1 H2 activation by FLPs 
A frequent test of FLP activity is the activation of 
molecular hydrogen. In the case of a borane and a 
phosphine FLP, the lone pair of electrons on the phosphorus 
atom is able to attack one of the hydrogen atoms to form a 
phosphonium cation, leaving behind a hydride which is able 
to fill the empty p-orbital on the boron, thereby forming a 
borohydride anion (Scheme 20). Examples include the 
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Scheme 20: Generic example of H2 activation by an FLP. 
reversible activation of H2 by FLP systems comprised of 
B(2,3,5,6-F4C6H)3 with PMes3, PCy3, or PtBu3,65,135  
B(2-(C6F5)3C6F4)3 with PtBu3, DABCO, 2,6-lutidiene, or TMP 
(2,2,6,6-tetramethylpiperidine),136,137 B(C6F5)(C6Cl5)(3,5-
(CF3)2C6H3)3 with PtBu3, TMP, or 2,6-lutidine,116  
B(3,5-(CF3)2C6H3)3 with TMP,62 and B(C6F5)2(C6Cl5) with 
TMP.138 The latter of which is notable as neutron diffraction 
studies found the first geometrically unconstrained 
dihydrogen bond within this FLP system.138  
B(2,4-(CF3)2C6H3)3 and B(2,5-(CF3)2C6H3) were prepared 
to probe the effect of substituent position on boranes as the 
Lewis acidic component of FLPs in comparison with B(3,5-
(CF3)2C6H3)3.67 It was found that triarylboranes which 
incorporated ortho-CF3 groups were less active in H2 
activation, which was attributed to the steric bulk of the CF3 
group being positioned close to the Lewis acidic centre, and 
the resultant quenched electrophilicity of the borane from 
the induced B–F interaction.67 
A range of triarylboranes incorporating C6F5, 3,5-
(CF3)2C6H3, and C6Cl5 groups were prepared to evaluate their 
ability to cleave dihydrogen.76 It was found that B(C6Cl5)3 
was unable to cleave the dihydrogen when in an FLP with 
PtBu3 under mild conditions, as the chlorine atoms provided 
too much steric hindrance to the empty p-orbital on the 
boron atom. However, heteroleptic boranes with one or two 
C6Cl5 aryl group were able to cleave dihydrogen with PtBu3.76 
Later studies found that FLPs containing B(C6Cl5)3 and PEt3, 
PCy3, PnBu3, PtBu3, or P(p-tol)3 were able to activate 
dihydrogen under harsher conditions (90 °C in THF-d8 for up 
to 56 h).136 Dihydrogen activation by FLPs has also been 
studied computationally and has shown that factors such as 
Lewis acid/base strength, steric bulk, and the ability to pre-
organise into a position to accommodate the H2 molecule all 
assist activation.139 
5.2 CO2 activation by FLPs 
Carbon dioxide as a greenhouse gas is accredited as one 
of the primary causes of climate change. Since the first 
example of CO2 activation by FLPs in 2009,140 its capture and 
further utilisation has been an attractive target for 
chemists.141 In the case of CO2 activation, the basic 
phosphine attacks the electrophilic carbon atom, whilst one 
of the electron rich oxygen atoms donates into the empty  
p-orbital of the borane (Scheme 21).  
 
 
Scheme 21: Generic example of CO2 activation by an FLP 
 
 
Scheme 22: CO2 Activation by carbene-borane adducts.142 
There have been examples of CO2 activation and 
subsequent reduction to methanol by FLPs in the 
literature,143 however there are few halogenated 
triarylboranes that have been used as the Lewis acidic 
component of FLPs to activate CO2. 
An FLP comprised of B(2-(C6F5)3C6F4)3 and PtBu3 was 
found to be efficient towards CO2 activation,136 whilst FLPs 
comprised of B(2,3,5,6-F4C6H)3 and PiPr3 or PtBu3 have been 
shown to activate both CO2 and formates.144 A 
stoichiometric mixture of B(2,3,5,6-F4C6H)3 and P(TMS)3 was 
found to act as an FLP that allowed for sequential double 
CO2 activation.145 
DFT calculations and ab initio studies were conducted on 
a range of FLPs containing halogenated triarylboranes as the 
Lewis acidic component for the reduction of CO2 to useful 
organic materials.146 Stronger FLPs were found to have 
higher energy barriers for hydrogen transfer, but lower 
energy barriers for hydrogen activation, resulting in the 
optimum FLP systems having similar energy barriers for 
both. These calculations revealed that a  
B(3,5-F2C6H3)3/TMP FLP had the best parameters for CO2 
activation.146 
CO2 activation is not limited to FLPs where phosphines 
are the Lewis basic component. For example, a B(3,5-
F2C6H3)3/Cs2CO3 FLP could catalyse the hydrogenation of CO2 
to formate, however this FLP was outperformed when 
B(C6F5)3 was used as the Lewis acidic component.147 
Additionally, B(3,5-(CF3)2C6H3)3 has been combined with 
carbenes to form adducts that capable of FLP-type reactivity 
to activate CO2, THF and phenyl acetylene (Scheme 22),142 
whilst B(2,3,5,6-F4C6H)3 was combined with a metal 
complex, (indenyl)Ru(PPh3)2(CCPh), to afford an FLP which 










Scheme 23: CO2 activation by a {B(2,3,5,6-F4C6H)3 / (indenyl)Ru(PPh3)2(CCPh)} 
FLP.148 
5.3 Further small molecule activation by FLPs 
Subsequent to the discovery that FLP systems could 
activate H2, numerous reports were made of further small 
molecule activation by FLPs. Examples have been 
summarised in recent reviews, and include the activation of 
olefins, nitrogen oxides, sulfur oxides, water, amongst many 
others.20,21 Halogenated triarylboranes as Lewis acidic 
components in FLPs are just one section of the wide range 
of FLP chemistry, and thus examples of further small 
molecule activation by these systems are limited. 
FLPs that consist of B(2,3,5,6-F4C6H)3 or B(4-FC6H4)3, 
combined with PtBu3 or PCy3 have been shown to activate 
N2O, in both computational and experimental studies 
(Scheme 24, top).149–151 The binding mode of the activated 
N2O was determined by infrared spectroscopy, which found 
a B-O-N=N-P type linkage formed by attack of the lone pair 
of the Lewis base toward the terminal nitrogen of N2O and 
donation of the oxygen’s lone pair of electrons into the 
empty p-orbital of the borane.152  
Further investigation into the B(2,3,5,6-F4C6H)3/PPh3 FLP 
found it could trap out the 1,3-addition product upon 
addition of mesityl isocyanate (Scheme 24, bottom).153 This 
gave evidence towards the Cummins proposition, which 
suggested that the oxidation of phosphines by 
mesitylisocyanate occurred through the initial interaction 





Scheme 24: Activation of N2O and mesityl isocyanate by FLP containing 





Figure 7: Proposed mechanism for autoinduced FLP hydrogenation of imines.155 
5.4 FLP catalysed hydrogenation reactions  
Hydrogenation reactions which utilise FLPs as catalysts 
have been widely studied as an alternative to traditional 
transition metal-based hydrogenation catalysts. Whilst 
many FLPs reported in the literature contain B(C6F5)3 as the 
Lewis acidic component, there are many other boranes that 
can also be used in hydrogenation reactions with typical 
substrates being imines, carbonyls and olefins.  
Microwave assisted hydrogenation reactions have been 
reported using an FLP comprised of B(2,4,6-F3C6H2)3 and 2,6-
dimethylpyridine to hydrogenate a nitroolefin, and an FLP 
comprised of B(2,6-F2C6H3)3 and collidine to hydrogenate a 
malonate.156 B(2,6-F2C6H3)3 was also used to investigate 
kinetically the autoinduced FLP hydrogenation of 16 imines, 
and it was found that the autoinduced cycle was up to ten 
times faster than the initial cycle. A proposed mechanism for 
the autoinduced FLP hydrogenation is given in Figure 7, 
along with its initial catalytic cycle.155 Computational studies 
provided inspiration for using B(2,6-F2C6H3)3 as the acidic 
component of an FLP catalyst, as the ΔG° for H2 activation 
was determined to be 2 kcalmol-1 higher for weaker Lewis 
acids such as B(2,6-F2C6H3)3 compared to B(C6F5)3.157 
 
 






Scheme 26: Water tolerant reductive amination by B(2-F-6-ClC6H3)(2,6-Cl2C6H3)2.74 
The reduction of (Z)-N-tert-butyl-1-phenylmethanimine 
using FLPs consisting of DABCO and a range of heteroleptic 
triarylboranes was demonstrated to glean trends behind 
catalytic hydrogenation activity (Scheme 25).115 Conversions 
were generally found to increase with the total number of 
fluorines on the aryl rings, whilst the number of chlorine 
atoms had a negligible effect on catalytic activity.115 
The heteroleptic borane B(2-F-6-ClC6H3)(2,6-Cl2C6H3)2 
was employed in FLP catalysed reductive aminations (30 
examples, 26–95% yield) (Scheme 26). This borane was 
chosen as a catalyst due to large steric hinderance of 
chlorine atoms in the ortho positions of the aryl rings 
inducing water tolerance.74  
When using B(2,3,5,6-F4C6H)2(2,6-Cl2C6H3) as a catalyst, 
reductive alkylation of multiply substituted amines with H2 
was possible.158 This was achieved through a combination of 
Lewis acid catalysis, and FLP mediated hydrogenation. A 
proposed mechanism for this catalytic system is shown in 
Figure 8.158 The first step in the mechanism is the acid-
catalysed cycle (Figure 8, left), wherein the borane catalyses 
the formation of an imine from an appropriate aldehyde. 
Here, the borane activates the aldehyde, allowing for 
subsequent attack by an amine to form the desired imine 
whilst regenerating the free borane catalyst. The second FLP 
catalysed cycle (Figure 8, right) could occur either with the 
imine acting as the Lewis base (path a), or THF (path b) as a 
partner for the borane Lewis acid. In either case, dihydrogen 
Figure 8: FLP catalysed reductive alkylation of amines.158 
 
Figure 9: Solvent assisted imine reduction catalysed by B(C6F5)2(C6Cl5).159 
is activated by the FLP, and depending upon the path, THF 
was coordinated to the resultant complex or an imine was 
introduced to form the intermediate [imine-H-THF][H-
borane]. Subsequent hydride transfer from the borane 
liberated the imine product and regenerated the FLP 
catalyst. Forty four examples of reductive alkylation were 
given, with yields ranging from 29 to 99% with high 
functional group tolerance including carboxylic acids, 
sulphonamides, and alcohols being observed.158  
A solvent assisted FLP mediated imine reduction has 
been investigated, wherein B(C6F5)2(C6Cl5) was combined 
with THF (acting as the Lewis basic component) to form an 
FLP system capable of imine reduction (Figure 9).159 
Fourteen weakly basic substrates (including furans, pyrroles, 
and aromatic rings) were efficiently hydrogenated under 
relatively mild reaction conditions in up to 95% yield.159  
Upon the decomposition of the air stable salt Na[B(3,5-
Cl2C6H3)4], catalytically active B(3,5-Cl2C6H3)3 was shown to 
form and promote the reductive amination of aldehydes in 
wet solvent (4 examples, 60–93% yield). A gram scale 
synthesis for Piridebil, a drug for the treatment of 
Parkinson’s disease, using a Na[B(3,5-Cl2C6H3)4] precatalyst 
is shown in Scheme 27, with a yield of 74%.75 






Scheme 28: FLP catalysed hydrogenation of quinoxalines.160 
B(2,3,5,6-F4C6H)3 was shown to be used as an FLP 
catalyst for the hydrogenation of 2,3-disubstituted 
quinoxalines, with the quinoxaline acting as the Lewis base 
in the reaction (Scheme 28). The FLP system was found to be 
highly cis-selective, with 2,3-disubstituted 1,2,3,4-
tetrahydroquinoxalines formed (19 examples) in good yields 
(80–99%), with high diastereomeric ratios (92:8-99:1).160 
The water tolerant B(2,3,5,6-F4C6H)2(2,6-Cl2C6H3) was 
used in the FLP catalysed hydrogenation of carbonyl 
compounds with conversions up to 95% (10 examples).114 
Subsequently, an alternate water tolerant borane, B(2,3,5,6-
F4C6H)2(2,3,6-Cl3C6H2), was employed in the reduction of 
acetals to ethers (16 examples, up to 99% yield) and 
reductive etherification of carbonyls (20 examples, 28–32% 
yield), by using a mixture of FLP hydrogenation and Brønsted 
acid catalysis, wherein the THF solvent acted as a base.161 A 
proposed mechanism of this auto-tandem catalysis is given 
in Scheme 29. Here, the Brønsted acid catalysis generated 
an oxonium cation out of the THF solvent, thereby also 
forming a borate anion from the borane. Also, FLP catalysed 
hydrogenation formed a secondary oxonium cation as well 
as a borohydride from the borane. These oxonium cations 
were used to protonate the aldehyde or acetal, whilst the 
borohydride was used to transfer a hydride to the final ether 
product.161  
B(2-6-F2C6H3)3 was shown to catalyse the reduction of 
amides with the assistance of oxalyl chloride in the role of a 
deoxygenating agent (Scheme 30).162 Whilst the use of 
halides as bases in FLP chemistry is uncommon (due to being  
 
Scheme 29: Proposed autotandem catalysis mechanism for reductive 
etherification of carbonyls.161 
Scheme 30: B(2,6-F2C6H3)3 catalysed reduction of carboxylic amides.162 
too basic), oxalyl chloride was found to be weak enough for 
FLP catalysis to occur instead of adduct formation. Catalytic 
reduction of amides showed conversions of up to 15–99%, 
with good yields (40 examples) and good functional group 
tolerance.162 DFT calculations were employed to investigate 
the mechanism for the hydrogenation of tertiary amides 
after activation by oxalyl chloride.163 It was identified that 
during a one-pot reaction, the borane was trapped by the 
amide substrate, thereby reducing the rate of 
hydrogenation. It was therefore suggested that stepwise 
amide activation and reduction could improve reactivity.163 
B(2,6-F2C6H3)3 has also been shown to promote the 
reduction of phosphine oxides when in combination with 
2,6-lutidene, oxalyl chloride and dihydrogen.164 However, 
whilst this reaction was near quantitative at 4 bar pressure, 
it was observed that the reduction did not require a catalyst 
if the hydrogen pressure was increased to 80 bar.164 DFT 
calculations were used to investigate the mechanism of this 
reduction, which found that the presence of the FLP formed 
from the borane made for more efficient hydrogenation, 
allowing for low pressure reduction.  
An FLP comprised of B(2,4,6-F3C6H2)3 and DABCO was 
found to promote the catalytic hydrogenation of alkenes (10 
examples, 65–95% yield) and alkylidene malonates (5 
examples, 91–96% yield) (Scheme 31).56 The choice of 
borane was guided by determining the Lewis acidity and 
steric demand of a range of boranes using the Childs method 
described earlier, with B(2,4,6-F3C6H2)3 being chosen due to 
its higher steric hinderance and low Lewis acidity.56  
We have also used this borane in an FLP system with 
DABCO for catalytic hydrogenation of aza-Morita-Baylis-
Hillman adducts and in sequential organo-FLP catalysis for 
the synthesis of stereoselective β-amino acid derivatives 
(Scheme 32).165 Diastereoselectivity (9:1) and good to 
excellent yields were achieved for the hydrogenation step 
(up to 97%, 28 examples), whilst the sequential organo-FLP 
 





Scheme 32: FLP catalysed hydrogenation of aza Morita−Baylis−Hillman adducts.165 
catalysis achieved up to 66% isolated yields and 
diastereomeric ratios up to 85:15 over five examples.165 
A range of intermediates in many different FLP catalysed 
hydrogenation reactions (phosphonium and ammonium 
triarylborohydrides based on B(C6F5)3, B(2,6-F2C6H3)3 or 
B(2,4,6-F3C6H2)3) were investigated to probe the mechanism 
and kinetics of C=C bond hydrogenation reactions.166 It was 
found that the counterion had a negligible effect on the rate 
of hydrogenation, however the fluorine substitution pattern 
of the borane’s aryl rings had a strong influence with meta-
fluorine atoms on the aryl ring reducing hydride donating 
ability and thus the rate of hydrogenation.166  
Hydrodesilylation of Ph2P(TMS) to (Ph2P)2 has been 
reported with catalytic B(2,3,5,6-F4C6H)3 and sacrificial 4-
heptanone.167  
6 Polymerisation reactions 
Before the resurgence of halogenated triarylboranes in 
FLP chemistry and as Lewis acidic catalysts, they were often 
used as initiators or co-initiators in polymerisation reactions. 
Traditionally, the combination of methylaluminoxane 
(MAO) and a group 4 metallocene was used for olefin 
polymerisation, but in 1994 Marks discovered that B(C6F5)3 
could be used to abstract a methyl group from dimethyl 
zirconocenes to form highly active polymerisation catalysts 
(Scheme 33).168 This seminal study led to further 
investigation into the use of more sterically demanding 
analogues of B(C6F5)3, tris(β-perfluoronapthyl)borane 









Figure 10: Cationic species species formed by [B(2-(C6F5)C6F4)3].169 
[B(2-(C6F5)C6F4)3], as co-initiators to metallocene catalysts as 
it was found that the increased steric bulk assisted the 
abstraction of a metallocene’s methyl group. 
Meanwhile, it was shown that strong Lewis acidity was 
another key consideration for efficient methide abstraction, 
with less acidic boranes B(3,5-(CF3)2C6H3)(C6F5)2 and  
B(3,5-Me2C6H3)(C6F5)2 shown to be less efficient at 
abstracting the methyl groups of group 4 metallocenes. This 
resulted in mediocre ethylene polymerisation activity 
compared to B(C6F5)3.112 
Examples of both bulky boranes showing increased 
reactivity in comparison to B(C6F5)3 include the titanocene 
catalysed co-polymerisation of 1-octene and ethylene,69,70 
and the zirconocene catalysed polymerisation of 
propylene.170 B(2-(C6F5)C6F4)3 was shown to be more active 
than B(C6F5)3 as an initiator for propylene catalysis with a 
zirconocene catalyst,171,172 and also when acting as a co-
initiator with half-sandwich titanocene catalysts towards 
the syndiospecific polymerisation of styrene or  
4-(N,N-bis(trimethylsilyl)amino)styrene.173,174 However, 
when the half-sandwich titanocene complexes contained a 
constrained geometry, B(2-(C6F5)C6F4)3 was found to form 
cationic dinuclear complexes instead of a catalytically active 
mononuclear species due to the weak co-ordination of the 
borane to the methide ligand of titanium (Figure 10).169 
B(2-(C6F5)C6F4)3, B(2,4,6-F3C6H2)3, and B(4-FC6H4)3 have 
all been used as co-initiators in the ring opening 
polymerisation of propylene oxide, when initiated by a 
range of hydroxylic aluminium complexes.175 Aluminium 
aryloxides have also been used with triphenylmethyl 
fluoride and B(C6F5)2(2-(C6F5)C6F4) for tert-butyl vinyl ether 
polymerisation.176 Further investigation into the catalytic 
properties of B(C6F5)2(2-(C6F5)C6F4) found that upon co-







Scheme 34: Tandem rearrangement/lactonisation reaction with halogenated 
triarylboranes as substrates.75 
7 Stoichiometric reactivity 
Despite the many uses in catalysis and FLP chemistry, 
halogenated triarylboranes have been involved in some 
interesting chemistry through stoichiometric reactions. We 
have used a range of halogenated triarylboranes as 
stoichiometric reagents with diazo compounds in the 
preparation of 2-aryl propanoates through a 1,2-aryl 
transfer reaction.75 It was found that when stronger acids 
such as B(C6F5)3 and B(3,4,5-F3C6H2)3 were used as the aryl 
donor, sub-stoichiometric amounts were necessary, 
otherwise multiple aryl groups were transferred.75 Further 
investigation revealed an unprecedented tandem 
rearrangement/lactonisation reaction between  
2-benzyloxy-substituted diazo esters and B(C6F5)3 or  
B(3,4,5-F3C6H2)3. Twenty examples of lactonisation were 
given with moderate to high conversions (33–91%) of the 
lactone product (Scheme 34).75 
We have also shown that upon reaction with hydrazones 
or hydrazides, B(2,4,6-F3C6H2)3 and B(3,4,5-F3C6H2)3 are able 
to form adducts, heterocycles, or form products via the 
elimination of one of the borane’s aryl groups.179 
B(4-FC6H4)3 has been employed as a component in a 
catalyst-free Mannich reaction, along with a diazo 
compound and an acyl imine, to produce highly 
diastereoselective beta-amino carbonyl compounds.180 The 
majority of scope was investigated with BPh3, however the 
Mannich reaction involving B(4-FC6H4)3 was found to result 
in an 86% yield.180  
8 Conclusions and outlook 
In this review, the design of halogenated triarylboranes 
through careful consideration of their Lewis acidity has been 
discussed. From well-established NMR-based techniques 
such as the Gutmann-Beckett and Childs methods, to 
cutting-edge theoretical and visual procedures such as 
Stephan’s global electrophilicity index and Baumgartner and 
Caputo’s fluorescent adduct experiments, we have shown 
that there are a wide variety of ways to determine and tailor 
the Lewis acidity of a borane for a specific purpose. 
The synthesis of these boranes has also been examined, 
with an in-depth analysis of how typical homoleptic boranes 
can be formed through the conventional Grignard and 
lithiation procedures, along with more complex methods to 
form heteroleptic boranes involving intermediates such as 
potassium trifluoroborate salts and copper-based aryl 
transfer reagents. 
The catalytic properties of these boranes, both as a Lewis 
acid, and as the Lewis acidic component of FLPs was also 
reviewed, with many examples showing improved reactivity 
compared to B(C6F5)3. Herein we have discussed the use of 
water tolerant boranes such as B(2-F-6-ClC6H3)(2,6-Cl2C6H3)2 
and B(3,5-Cl2C6H3)3, which were shown to partake in FLP 
catalysed reductions conducted in wet solvents in which 
B(C6F5)3 would simply be deactivated. We have shown that 
boranes with different Lewis acidity to B(C6F5)3 can result in 
alternative reactivity, such as in the chemo-selective 
functionalisation of gibberellic acid and natamycin 
derivatives, or even outperform B(C6F5)3 such as in base-free 
hydroboration by B(3,5-(CF3)2C6H3)3 or B(2-(C6F5)C6F4)3 
initiated polymerisation catalysis.  
To summarise, whilst B(C6F5)3 may still be known as the 
archetypal halogenated triarylborane, we hope to have 
highlighted to the reader that there are many more 
triarylboranes that can offer superior reactivity or alternate 
chemoselectivity to the main group chemist and we look 
forward to seeing further additions to the field in the near 
future.  
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